ABSTRACT A simple adaptive 1-D frequency-scanning method is proposed for radiative wireless power transfer (WPT) systems in low-power wireless sensor networks (WSNs). As a proof of concept, a directive leaky-wave antenna that scans 1-W output RF power in the angular range from ±10 • at 2.4 GHz to ±37 • at 2.5 GHz, is used to power a WSN covering an area of 1.2 m × 1.2 m. It is shown that, using a frequencyscanned antenna, a wider area than using a non-scanned directive antenna can be powered without additional expensive equipment. The WPT protocol is described, showing that any sensor in the WSN can select the optimum transmission channel in the 2.4-GHz band, based on the received signal strength indicator measurements, as the coordinator performs a scheduled frequency hopping phase. This maximizes the WPT beaming efficiency and the transferred dc power. The optimum channel selection can be performed periodically, which makes the system robust against channel state changes.
I. INTRODUCTION
Far field (radiative) wireless power transfer (WPT) is a promising general technique to remotely power mobile devices over relatively long distances [1] - [3] . Due to safety power restrictions and low conversion efficiencies, radiative WPT (RWPT) is mainly considered nowadays for low-power devices and wireless sensor networks (WSN) [4] . Although nondirective antennas can be appropriate to energize sensors that transmit data at very low duty cycles [1] , highgain directive transmitting antennas are mandatory for more power-demanding sensors and/or to increase the maximum distances that can be remotely powered [5] . When using directive antennas, and since the exact position of the sensors might not be known or multiple sensors have to be energized, adaptive beam-forming techniques are being used to focus the radiated power at the desired direction [5] - [7] . This is usually done with complicated two-dimensional (2D) tracking mechanisms, based on MISO (Multiple Input Single Output) [8] phased-array antennas [9] or retrodirective arrays [10] . In these cases, the antenna array architecture is quite complex, since it requests mixed RF/digital reconfiguration circuitry to control the array weight/feeding coefficients [8] , [9] . Also, optimum beam-forming is achieved from instantaneous Channel State Information (CSI) [11] - [13] , which is not generally available in low-cost WSN architectures without extra costly hardware.
In this paper, we propose a cost-effective RWPT solution to power a WSN using simple one-dimensional (1D) frequencyscanned directive antennas. The adaptive beaming does not need costly phased-arrays and associated complex digital architecture / weighting optimization algorithms. A single antenna element with two feeding ports is able to adaptively optimize the remote transfer of power for each sensor node, by simply frequency hopping the transmitting signal. The concept is demonstrated for a IEEE 802.15.4-based WSN operating in the 2.4 GHz band, which allows for channel hopping through its 16 existing frequency channels. It is shown how a 5 × 5 sensor grid covering an area of 1.2 m × 1.2 m is efficiently powered using a simple channel selection algorithm based on the Received Signal Strength Indicator (RSSI), which is directly provided by the WSN architecture without any extra hardware. Theoretical and experimental results illustrate the proposed concept, demonstrating superior overall beaming efficiency and power transfer performance in the WSN area, when compared to the use of a fixed directive panel antenna.
The rest of the paper is organized as follows. Section II reviews the related work regarding beamforming optimization for WPT. In Section III, the frequency-scanned fan beaming concept is presented. The LWA used to achieve the frequency scanning is presented in Section IV. After that, Section V shows how the antenna can be used in a practical WPT system based on IEEE 802.15.14 wireless standard. Measurements are presented in Section VI. The proposed WPT protocol is explained in Section VII and at the end, in Section VIII some conclusions are shown.
II. RELATED WORK
The most recent efforts devoted to enhance beamforming optimization seek to improve energy transmission through mathematical algorithms and novel hardware configurations [12] , as well as the efficient use of the radio channel, which is shared between information and energy transmissions (Simultaneous Wireless Information and Power Transfer, SWIPT) [9] . One of the most employed solutions consists of complex phased-array antennas with the aim of increasing energy transfer [13] - [17] , disregarding the highly desirable low-cost factor in low-power WSNs. These and other solutions are described in Table 1 , which shows a comparison of recent proposals to increase the beaming efficiency for RWPT. Since the receiving (Rx) antennas are generally omnidirectional to minimize the cost and size of the sensors, it is the transmitter (Tx) antenna the one that can increase the overall RWPT system beaming efficiency. Observe that the first antenna implementations tried to use non-directive antennas in order to cover big areas but getting ultra-low energy values, appropriate for sensors that transmit at low duty cycles [1] . This work discussed the sensor platform, and pointed out the required codesign of the RF powering and the power management circuits for optimal performance. In turn, [18] proposed a circularly polarized microstrip antenna that operates as a rectenna for wireless battery charging and data telemetry in close frequency bands around 5 GHz.
More recent studies presented algorithms based on multiantenna base stations to simultaneous optimize wireless information transmission and power transfer [9] , [13] , [15] . For instance, the proposal in [15] assumed a multiuser MISO downlink system and common zero-forcing (ZF) beamforming scheme, in order to propose a simplified energy efficiency optimization algorithm under two constraints: the signal-to-interference-plus-noise ratio and the energy harvesting. Based on a similar MISO scenario, [13] and [9] aimed to optimize the weighted sum-powered harvested by the receiver. In general, all these MISO techniques involve complex phased-arrays of antennas to optimize the transmitted beam toward the receiving target. However, they might be too expensive in the context of cost-effective WSN solutions. In this sense, the number of elements of the Tx phased-array can be reduced using Bayesian compressive sensing [19] , in order to reduce the antenna complexity and to make easier practical implementations. A different strategy to optimize the Tx beaming efficiency is by the use of time-modulated antenna arrays. In this line, [20] took advantage of the pulse splitting technique in order to determine the optimal split pulse sequence aimed at synthesizing multiple patterns at the central frequency and at an arbitrarily selected harmonic frequency. An interesting approach in this framework can be also found in [21] , where a two-step real-time beaming implementation of a linear time-modulated array was applied to envisage a smart WPT system. First, the position of the devices to be energized is determined through a monopulse function. Then, these positions are used to set the time control modulating signals of the entire array for real-time beaming to the obtained directions. Note that these solutions result in medium-high complex hardware implementation and processing algorithms for beamforming.
Other interesting contributions that require less signal processing rely on antenna systems capable of automatically tracking the direction of arrival, such as retro-directive antennas [10] , [22] - [25] . They typically consist of simple radiating elements in array configuration connected to a circuit network that conjugates the phase of the incident signal in order to transmit in the same direction. The application for wireless power delivery is described in [10] , using a mobile device that broadcasts a pilot signal and a four-elements retro-reflective beamforming antenna. Similarly, [22] proposed a 2D Van Atta array to phase-conjugate the impinging wave, reporting wideband operation around a frequency of 5.8 GHz and a wide beamwidth. Additionally, a retrodirective wire-dipole antenna is investigated in [23] for WPT applied to specific environments. Finally, the use of a circularly polarized retrodirective antenna array for RWPT was reported in [25] , implementing EBG (Electromagnetic Band Gap) techniques between the antenna elements aiming at simultaneously improving cost, compactness, and reducing mutual coupling effects.
Recent developments of far-field wireless-powered sensor networks can be found in [26] - [28] , composed of multiple sensor nodes. The proposed real-time algorithm in [26] is able to distribute the transmitted power to multiple nodes simultaneously while allowing a control of the consumed power to ensure perpetual operation. Besides, [27] presented a physical realization of a 2.45 GHz WPT system for charging WSN nodes spatially distributed. In this solution, the transmitter is based on a patch array of 4 elements with a switched radiation beam employing a Butler matrix. The receiver uses directional planar Yagi-Uda antenna. Again, the network provides long time operation as each of the WSN node can measure and report its voltage level, so that the more appropriate beam can be switched to cover specific energy demands. Finally, the WPT system proposed in [28] used a 1D parabolic reflector antenna with a linear feeder composed by an array of dipoles as a transmitting section, while the receiving section is composed of a compact rectangular patch 3 × 4 rectenna array. Table 1 summarizes for each of these RWPT solutions the operation frequency, the average maximum distance in meters that can be remotely powered and/or the RF power density delivered at the sensor nodes, and the type of beamforming technique to maximize the RWPT beaming efficiency, together with the overall system complexity in terms of associated hardware and signal processing requests to provide such beamforming techniques. In contrast with the cited solutions, here we propose a paradigm shift in comparison with the WPT-beaming state of the art. For that, we propose the use of a simple channel-hopping technique for 1D scanning, to dynamically optimize the beaming efficiency in a WSN grid.
To this end, we proposed the use of a Leaky-Wave Antenna (LWA) as the RWPT Tx. LWAs are widely known for its low profile structure, compact size, easy feeding mechanism and high directivity radiation pattern, hence, enabling also the inherent re-direction of the beam direction just by adjusting the signal frequency [29] . As it will be shown in the following sections, the overall coverage range can be extended without complicated signal processing or hardware implementation. Our solution fits a cost-efficient model, high gain power emission, and easy and quick adaptive technique to optimize the RWPT beaming efficiency. Fig. 1 represents a scenario of a WSN with 25 sensor nodes separated at a distance of 30 cm and spread in a 5 × 5 grid in the XY plane, thus covering a total area of 1.2 m × 1.2 m. A directive antenna with gain G TX is located at the center of the WSN grid at a height z = H = 1 m. The DC power transferred to any node of the WSN can be estimated with the well-known link-budget equation used in RWPT [4] , [5] : and η RX RAD are the effective area and the radiation efficiency of the receiving antenna, and S RF is the microwave power density (W/m 2 ) at the receiver node, which is given by:
III. FREQUENCY-SCANNED FAN BEAMING FOR WPT
where P TX is the transmitted microwave power, and r, θ, ϕ are the distance and subtending angles between the transmitting antenna and any receiving node position. Unlike long-range point-to-point WPT systems where large collecting antennas are used to maximize the capability to gather the incident power at the receiver [5] , A RX eff · η RX RAD cannot be maximized in a practical WSN since the nodes must be low-cost and small in size. Similarly, the conversion efficiency η RF−DC is fixed once the harvester circuitry at the sensor node is designed. In WSN RWPT systems, transmitting antenna with high gain G TX are used [1] , [4] to intensify the RF power density at the node (2) and therefore enhance the converted DC power (1). The peak gain of this antenna G TX is proportional to its radiation efficiency η TX RAD and its directivity D TX , which is related to the half-power beam width (HPBW) in stereo-radians (the product of the HPBW in each perpendicular plane, θ X · θ Y ) [30] :
From (3) it is easy to see that, as we increase the peak gain of the transmitting antenna in a WPT system (keeping the same transmitted power P TX ), the antenna becomes more directive as it covers a lower angular region θ X , θ Y . As a result, the antenna can power a lower number of nodes. This is illustrated in Fig. 1(a) , where a 14 dB gain antenna with HPBW of θ X = 30 • , θ Y = 30 • (16.5 dBi directivity and η TX RAD = 58% radiation efficiency, which is a typical value of commercial panel antennas [31] ), transmits RF power of P TX = 1W (+30 dBm) from a height H = 1m above the WSN grid under study. Inserting its angular gain pattern G TX (θ, ϕ) in (2), the power density distribution along the whole WSN area (XY plane, at a ground level Z = 0) can be numerically computed and plotted. As shown with red color in Fig. 1(a) , power densities above 200 µW/cm 2 are obtained just below the transmitting antenna, and this spatial distribution of power radially decays. If we assume a minimum value of 50 µW/cm 2 as the threshold to power our sensor nodes [1] , [14] , we obtain that only the central 5 nodes within a radius of 30 cm are powered (this limit is shown with cyan contour curve in Fig. 1 ). In order to power the 20 remaining nodes of the WSN, the directive beam must be focused towards other directions. This can be done with complicated 2D beamforming systems based on costly phased-array antennas [5] - [7] or with a costly mechanical steering system.
Instead of using a directive pencil beam focused in its two planes, we propose for the first time the use of a sectorialtype radiation pattern that is focused in one single plane. In our example, if we use a directive antenna with a HPBW of θ X = 60 • and θ Y = 15 • , the stereo-angle product θ X · θ Y keeps unchanged if compared to the previous example, thus obtaining equal 16.5 dBi directivity and similar 14 dBi gain (and assuming the same radiation efficiency). As a result, similar S > 200 µW/cm 2 peak power density is obtained below the antenna in Fig. 1(b) , but now distributed in a narrower region in the y-direction and in a wider area in the x-direction ( θ Y has been reduced to half and θ X doubled). Basically, Fig. 1 (b) shows a similar amount of 5 sensors with S > 50 µW/cm 2 , but now distributed in a single row along the x-direction instead that on the central circle. This fan-beaming configuration has the advantage that simple 1D scanning along the y-direction can be used to illuminate all the 25 nodes of the WSN. This is illustrated in Fig. 1(c) where the antenna scans to an angle of θ R = 10 • and powers the second row of nodes located at y = +30 cm, while Fig. 1(d) shows the beaming of the third row of nodes at y = +60 cm for a scanning angle θ R = 30 • . The scanning angle θ R is measured in the ZY-plane as represented in Fig. 1(d) . Symmetrically, the row of nodes at y = −30 cm and at y = −60 cm can be illuminated if the transmitting antenna scans to negative angles, θ R = −10 • and θ R = −30 • , respectively. As a result, the five rows with the total 25 nodes of the WSN can be theoretically powered using simple 1D beam-scanning, thus reducing the complexity if compared to more conventional 2D beam-scanning solutions.
Moreover, 1D scanning can be performed without phased-array antennas and associated electronically reconfigurable feeding hardware (as commonly done with uniform longitudinal arrays, ULAs [32] - [34] ). Effectively, LWAs are known to provide 1D continuous scanning of a directive fan beam by just sweeping frequency and with a simple feeding circuit [29] .
IV. 1D SCANNING PLANAR LEAKY-WAVE ANTENNA
As previously commented, one of the main characteristics in the performance of LWAs is their inherent frequency scanning behaviour, known as the antenna dispersion, which consist on the change in the antenna radiation angle θ R when the frequency of the feeding input signal varies. First examples of LWAs were based on bulky waveguides [29] , but this technology lacks the compactness and integrability. Another option is to use planar technology as microstrip LWAs (MLWA), which are especially low-cost since they can be manufactured using standard printed circuit-board (PCB) techniques and, besides, they are very easy to integrate with other planar technologies. One of the keys in the design of such antennas is to be able to control the frequency scanning, so in the operating band of frequencies, the radiation angle is scanned as desired, although there are some restrictions depending on the technology. LWAs are included in the group of travelling wave antennas, which means that only one port is needed to illuminate a long aperture, taking advantage of a travelling guided wave. This eliminates the need of using complex beam forming networks (BFN) to synthesize a directive beam.
In this case, the half-width MLWA (HMLWA) technology, as in [35] , has been chosen for our purpose, due to its simplicity, ease of fabrication and integrability. It consists of a microstrip line working with the first higher mode to achieve radiation. For that, in one side of the line there is a row of vias acting as a perfect electric wall and in the other side there is a radiating edge, as seen in Fig. 2(a) , which shows a picture of an array of two HMLWAs fabricated in FR4 substrate (ε r = 4.48 and tan δ = 0.01).
The frequency scanning of this antenna is controlled with the substrate characteristics and the antenna width. Since the chosen substrate is FR4 with 1mm thickness, as it is cheap, the only parameter to control the dispersion of the antenna is its width. The width will basically control the frequency band: the lower the width, the higher the operating frequency, so it has to be optimized to work in the 2.4 GHz band. Also, the beamwidth of the radiation pattern in the H-plane (YZ-plane according to Fig. 2(a) ) of the antenna is controlled with the antenna length as follows [29] :
where L is the antenna length, λ 0 is the wavelength in vacuum and θ R the radiation angle which depends on the frequency.
In this H-plane, the beam can be very narrow as the antenna is long in the y-direction. In the E-plane (XZ-plane), the beam is very wide, since the aperture in the x-direction is just a radiating edge with a ground plane (the metal sheet in Fig. 2(a) ). The H-plane and E-plane definition comes from the fact that the polarization of the antenna is linear and contained in the XZ-plane, so the y component of the electric field is negligible compared to the z or x components. In order to reduce the beamwidth in the E-plane, two antennas are arranged in parallel at a distance G in an array configuration in the x-direction, this way, the antenna has a narrower beam [30] in this plane, but wide enough to illuminate all the sensors in a row of the WSN. The reduction in the E-plane beamwidth makes the directivity to increase. As it can be seen in Fig. 2(a) , the feeding network of this antenna is very simple and it just consists of a microstrip line welded to a SMA connector. Also shown in Fig. 2(a) , a simple 1:2 power splitter is used to feed the two-MLWA array To optimize the dispersion and beamwidth of the antenna, the final dimensions, according to the ones in Fig.2 (a) , are listed in Table 2 .
The reflection coefficient of this antenna (S 11 ) is plotted in Fig. 2(b) , showing good input matching S 11 < −10 dB in the whole 2.4-2.5 GHz band, meaning than less than 10% of the power is reflected back to the port. Also, the isolation between the two available ports of the LWA is bellow S 21 < −15 dB, thus assuring that less than 3% of power couples between these two opposed ports.
As depicted in Fig. 3(a) , θ R can be scanned by varying frequency in the ISM band from θ R = ±10 • at 2.4GHz to θ R = ±37 • at 2.5 GHz. As previously explained in Fig. 1 , positive θ R values are obtained when the antenna is fed from port 1 in Fig. 2(a) (+y direction), while port 2 provides negative scanning directions (-y direction). The directivity and gain of the antenna can be seen in Fig 3(b) along with the antenna radiation efficiency (η RX RAD in (1)), evidencing they are not constant along the scanning band. This change of the efficiency will make the gain (3) to vary as the beam is scanned, and this will affect the resulting power coverage (2) when using a LWA, as will be explained in Section V.
This frequency-scanning behaviour in the elevation YZ-plane is shown in Fig. 4(a) , which shows the normalized radiation patterns for different configurations of the transmitting frequency and feeding port. As shown, the LWA creates a narrow beam in the YZ-plane with a changing beamwidth, that goes from θ Y = 25 • to θ Y = 16 • as the scanning angle is augmented by increasing transmitting frequency. This narrow beamwidth is achieved thanks to the antenna long size in the y-direction L = 52 cm (approximately 4.3 wavelengths at 2.5 GHz). Using two antennas in array configuration, with a 1:2 power splitter (see picture in Fig. 2(a) ), a beam in the XZ-plane with an approximate beamwidth of θ X = 60 • can be synthesized, as shown in Fig. 4(b) . It must be noticed that, conversely to the behaviour in the YZ-plane, the beam is not scanned with frequency in the transverse XZ-plane. Nevertheless, a slight variation of the XZ-plane beamwidth from θ X = 90 • to θ X = 60 • as frequency is swept from 2.4 to 2.5 GHz, can be observed in Fig. 4(b) . As commented in Fig. 3(b) , the variation of the beamwidth in the two planes impact the resulting directivity from D = 14.5 dBi to D = 16 dBi as the pointing angle is frequencyscanned. Also, the LWA radiation efficiency varies as the beam is scanned with frequency. All these facts result in the peak gain variation shown in Fig. 3(b) . The highest peak gain of G = 14.8 dBi is obtained for higher frequencies, where the beam is narrower and thus the radiation more directive, and also the radiation efficiency is higher. All these aspects will affect the final WPT coverage. A summary of these results is presented in Table 3 , where the main characteristics of both the panel and the LWA antennas are summarized.
As demonstrated with all these results, this HMLWA creates a 1D frequency-scanned sectorial beam whose scanning angular range, operating bandwidth and resulting beam peak gains, are suitable to demonstrate in the next section the proposed concept of dynamic WPT beaming in a typical WSN operating in the 2.45 GHz ISM band.
V. ADAPTIVE WPT SYSTEM BY FREQUENCY SELECTION
A top view of the WSN scenario under study, with the locations of the 25 nodes and the LWA, is represented in Fig. 5(a) . Each node is codified with a letter to define the rows (from A to E) and a number for the columns (from 1 to 5). In order to demonstrate the usefulness of the proposed scanning LWA, Fig. 5 compares the simulated overall power density coverage when using the fixed-beam directive panel antenna and using the LWA of Table 2 (height H = 1 m, transmited power P TX = 1 W.
It can be seen in Fig. 5(b) that the coverage provided by the panel antenna (with a directivity of 16.5 dBi, efficiency of η TX RAD = 58% and 14 dBi of gain) will feed just 5 of the 25 nodes (those located at a central circle below the antenna). On the other hand, Fig. 5(c) represents the simulated overall coverage of the MLWA, with the same directivity than the panel antenna (same steradians, as explained in Section III), and with the frequency-beamscanning described in the previous Section IV. It must be noticed that the coverage of the MLWA plotted in Fig. 5(c) , represents the overall power density obtained after the continuous frequency sweep in the 2.45 GHz ISM band, from 2.4 GHz to 2.5 GHz. Besides, it must be noticed that the LWA is not centered with respect to the WSN center (x = 0 cm, y = 0 cm). The MLWA is slightly shifted in the y-axis at x = 0 cm, y = −10 cm, in order to avoid the gain drop associated to perpendicular direction of the antenna (also known as broadside stopband [35] ). As it was shown in Fig. 3 , broadside direction θ R = 0 • is associated to the lowest realized peak gain. If the LWA is centered, this perpendicular gain drop would make the center row of sensors to be poorly beamed. Fig. 6(a) shows the power density cut along the line in the y-direction at x = 0, while Fig. 6(b) represents a cut for the x-direction at y = 0. As illustrated in Fig. 6(a) , the overlapping of the different beams that are scanned along y while frequency is varied from 2.4 GHz to 2.5 GHz (represented in dash line with different color for each frequency), is what creates the overall envelope power density coverage along the y-direction. In the case of the x-direction at y = 0, only the first frequency radiates at that line (see Fig.1(b) ), hence, only the cut at that frequency is shown.
Clearly, the theoretical results in Fig. 6 demonstrate the superior RF power total coverage produced by the MLWA when sweeping in frequency, if compared to a fixed panel antenna of similar directivity.
VI. MEASUREMENTS
To validate the proposed system, an experimental campaign has been carried out. A 1 W output power amplifier is connected to a microwave signal generator, which can sweep frequency in the 2.45 GHz band. The amplifier output is connected to port 1 or port 2 of the MLWA, as sketched in the scheme of Fig. 7(b) . A WPT harvester from Powercast [36] is used to convert incoming RF power to DC at the different locations inside an anechoic chamber as shown in Fig. 7(c) . This harvester device transforms received RF power to a pulsed signal whose duty cycle is proportional to the converted DC power which charges the sensor batteries. This pulsed waveform has been captured with a digital oscilloscope as shown in Fig. 8(b) . To demonstrate the concept of optimum WPT by frequency sweeping, Fig. 8(a) shows the measured DC duty cycle for the five positions in the central column (A3 . . . E3), as a function of the transmitting RF frequency and by switching the feeding port of the LWA.
As shown in Fig. 8(a) , the feeding port of the LWA must be properly chosen, so that nodes at positive y-positions (A3-C3) are powered when port 1 is used, and conversely negative y-positions (D3, E3) must be charged using port 2. Also Fig. 8(a) demonstrates the existence of an optimum frequency for each node location, which maximizes the collected DC power. The selection algorithm employed for choosing the optimum channel for each end-device will be described in the next Section. For instance, the node located at D3 shows maximum duty cycle of 1% when LWA is fed from port 2 and radiates power at 2.42 GHz (this corresponds to the LWA scanning at an angle θ R = −15 • as shown in Fig. 3(a) ). At lower/higher frequencies, the LWA scans at lower/higher angles and thus the radiated beam is not optimally shaped towards the exact spot of the sensor, thus reducing the collected DC power. For this fixed spot D3, Fig. 8(b) depicts the waveforms measured at the RF-DC converter, in a time lapse of 4 s for different transmitting frequencies. As commented, the pulsed waveform shows a higher number of pulses (a lower period between pulses and thus a higher duty cycle), as the collected RF-to-DC power increases. As shown in Fig. 8(b) , the signal presents the highest duty cycle at 2.42 GHz (24 pulses in 4 secs), at which the beaming efficiency between the LWA and the node at D3 is maximized. For other frequencies, the rectified signal shows lower duty cycles since the beam is not optimally focused.
For other locations of the sensor nodes along the y-direction, the optimum RF frequencies shown in Fig. 8 (a) shift as expected: higher distances require a higher scanning angle θ R and hence a higher transmitting RF frequency. The minimum threshold to power the sensors is also marked in Fig. 8(a) , indicating that all the five nodes in the central column (in a distance from y = −60 cm to y = +60 cm) are optimally powered by proper selection of the antenna port and the transmitting frequency from 2.4 to 2.5 GHz. Similar results are obtained for other columns, as shown in Fig. 9(a) for the nodes located at the right-side column (A5 . . . E5). Lower power is transferred in this case since this column is more distant to the transmitting antenna than the central column. Also, the behavior as we move along a row is illustrated in Fig. 9(b) , showing the performance of the WPT for the further row (A1 . . . A5). Now only port 1 is used and the optimum frequency is essentially the same for all nodes (around 2.49 GHz), since the beam must be focused to an almost similar scanning angle θ R ≈ 35 • for any position in the same row.
According to these values, a theoretical 2D map of the duty cycle can be represented. For that, the theoretical values of the power density (Fig. 5 ) are transformed to duty cycle values by a normalizing rectification factor K obtained from the experimental results obtained at node D3. As its duty cycle is 1% (see Fig. 8(a) ) for a theoretical power density value S = 216.12µW/cm 2 , the transformation factor is:
M. Poveda-Garcia et al.: Dynamic WPT for Cost-Effective WSNs Using this approximate linear transformation, Fig. 10 (a) shows the theoretical 2D map that predicts the maximum duty cycle expected at each node of the WSN, when the 14 dBi gain panel antenna radiates 1 W. The same is shown in Fig. 10(b) for the designed MLWA, when the proper optimum frequency is selected for each node position. These theoretical results are just a unit conversion (from RF power density to harvested DC), of the simulated power density fingerprints shown in Fig. 5 . To check the validity of these simulated results, Fig. 11 shows the measured DC for these two scenarios. Fig. 11(a) represents the DC measured at the 25 nodes when using the 14 dBi gain panel antenna a 1 W RF power, showing that only the central nodes produced a DC above the threshold of 0.2%. On the contrary, the DC measured when using the MLWA in Fig. 11(b) , reports that all the 25 nodes harvest RF power with DC well over the threshold. In both cases, good agreement is observed between experiments in Fig. 11 and theoretical results in Fig. 10 , demonstrating the superior power coverage provided by the proposed LWA frequency-beaming WPT scheme when compared to a more conventional directive fixed panel antenna of similar gain. Clearly the LWA allows to power all the 25 nodes in the WSN area of 1.2 m × 1.2 m, while the fixed panel antenna powers only the central nodes.
As commented, to obtain these results we have assumed that each node is remotely powered from the Tx LWA by proper selection of its optimum frequency. Table 4 represents this correspondence between each one of the 25 node positions in Fig. 5(a) , and the optimum transmitting frequencies provided by the studied frequency-scanning MLWA. Also, the adequate transmitting port (1 or 2) for each node is summarized in Table 4 .
As expected, the optimum frequency increases as the nodes are further located from the WSN center (C3), with respect to the longitudinal y-direction (as we move from one row to another row of nodes). Also it can be seen how, as we get further from the antenna, the difference for the optimal frequency between nodes in the same row increases, so that nodes at central positions (for instance A3) report a higher frequency than those nodes at the edges (A1 and A5, when compared to A3). This is due to the boomerang-shape projected radiation pattern fingerprint, as illustrated in Fig. 1(d) .
Finally, in order to show the overall cost of this system, the estimated price of all components is summarized in Table 5 . It can be seen that the estimated total cost of the system is around 1311.15 e, shown just as a reference. The costeffective characteristic of our proposed system comes from the fact that we are using a passive antenna that electronically scans the main beam by just using frequency hopping. Other alternatives, such as the more conventional ULAs would require, for the same antenna length of around 4λ 0 VOLUME 7, 2019 (to achieve the same beamwidth of 15 • ), a minimum total amount of 9 radiating elements separated a distance λ/2 from each other (to avoid unwanted grating lobes [30] ). Thus, a fixed-frequency electronically beam-scanned ULA would require a complex beamforming network (BFN [41] ) with 9 pairs of associated electronically tunable phase shifters and attenuators (one per each radiating element), in order to provide similar electronic fan-beam scanning. This makes these systems more expensive because of the need of complex circuitry control for the active antenna to achieve the same scanning capability. Possibilities based on mechanical positioners would need complex and bulky hardware; besides there is a delay associated to the time the positioner takes to mechanically change the pointing direction of the antenna, and also the cost due to mechanical system maintenance. Moreover, it is not possible with a mechanically-steerable directive antenna, to synthesize several simultaneous directive beams. On the contrary, the proposed channel-hopping architecture, can also be used in a multiple beaming mode, so that a multi-tone power RF signal [42] - [44] can be used to simultaneously illuminate several spots. All these aspects will be treated in future works, and they are out of the scope of this first demonstration of the proof-of-concept of our innovative RWPT system.
VII. WPT PROTOCOL
As described above, the proposed WSN WPT system enables the use of optimum beaming if the transmitter is capable of choosing the appropriate frequency channel that maximizes the power transfer for any node in the network. Therefore, this required correspondence (node position -frequency channel) should be dynamically managed by the end-nodes and the energy transmitter by using a simple frequency-selection scheme. To this end, two well-differentiated phases have been defined and integrated within the regular functioning of the WSN, as sketched in Fig. 12 . Firstly, at a primary stage called synchronization, each node sniffs the radio channel and measures the received RSSI while the WSN coordinator, i.e., the energy transmitter, executes frequency sweeping and switches between port 1 and 2 of the LWA. The WSN coordinator must introduce a data header to identify the port and frequency channel which are being used (in most wireless protocols the channel ID is provided by default). This process permits end-devices to select the most proper channel regarding received power (RSSI), which depends on their individual positions with respect to the coordinator. Thus, each new node joining the WSN sends a request message to begin this process and waits till the WSN coordinator starts the synchronization process.
After this first synchronization stage, the second phase corresponds to the powering process of the WSN motes, balancing data and power frames in order to reach acceptable energy-harvesting levels but without severely harming the performance of the data network [9] . As discussed previously, many approaches may be selected with the aim of balancing the transmission of data or energy through the wireless links, which is not the focus of this work [45] . In the following, we illustrate the functionality of the proposed synchronization and powering scheme in a real scenario.
As sketched in Fig. 13 , the WSN coordinator as well as the end-devices present two different antennas. Regarding the former, for instance an IEEE 802.15.4-based MiMo 3 × 3 coordinator [37] may be connected to the two ports of the proposed LWA for transmitting energy and to an omnidirectional antenna for sending data traffic. Note that both antennas are connected to the data transmission circuit of the coordinator's hardware. Particularly, the RF power amplifier is connected only to the LWA. On the other hand, two omnidirectional antennas may be attached to the motes, each of them devoted to receive energy or data, separately. Therefore, one antenna is connected to the data transmission circuit of the mote, while the other is attached to the energy harvester. Thus, during the first phase (synchronization), the coordinator sequentially transmits through the LWA data frames with a header indicating which port of the antenna is being used, while performing frequency hopping among the 16 available channels in the 2.405-2.480 GHz band (with 5 MHz step). We assume this band as it is the most widely employed in 802.15.4-based networks. In order to increase the efficiency of this stage, the time schedule for this operation may be pre-defined or negotiated by the motes and the coordinator during the joining process of the formers to the network. With this strategy, the motes are able to wake up and connect to the correct channels at the exact time in which the probe frames are sent by the coordinator, i.e., a synchronization between coordinator and end-nodes is achieved. Thereafter, the motes receive these data frames by their data antennas and measure the RSSI for each transmitting channel and port and stores this information until the end of this synchronization phase. In this way, each node is eventually able to decide the optimum port and frequency channel that provides the highest signal level (RSSI), and to transmit this information back to the network coordinator using the data link. From this moment, once the coordinator has been informed about the most beneficial configuration (port + frequency channel) for each end-node, the energy transfer for each individual mote will be performed following this correspondence. It must be noticed that during the wireless powering phase, the motes receive and store the received energy by using their antennas connected to the harvester. Observe that this two-stage process can be iteratively repeated in order to make the system adaptable to any change in the position of the nodes or perturbations in the radio channel. However, it is expected that in static networks, the synchronization phase needs to be executed only once.
To illustrate this concept, Fig. 14 shows the RSSI measured by a mote located at position D3 as a function of the transmitting channel (#11-#26), together with the RF-to-DC duty cycle obtained from the power harvester for the same position D3. Besides, the analog RF signal level was measured with a microwave network analyzer in a wider frequency span. It can be observed that, as expected, the frequency that optimizes the DC power transfer in the harvester (2.42 GHz) is the same frequency with maximum analog RF signal, and also it coincides with the frequency channel that provides maximum digital RSSI (channel 14). Thus, Fig. 14 demonstrates the validity of the developed strategy by which a node is capable of estimating the optimum WPT channel for analog RF wireless power transfer using the measured digital RSSI.
Regarding the consumption of energy taken by the channel synchronization stage, note that it can be severely reduced once the aforementioned channel association between the coordinator (energy transmitter) and the end-nodes is achieved. As explained, this process can be pre-configured beforehand or negotiated by both parts during the joining process. Observe that each end-node just needs to be awake and sniffing the corresponding channels during the short and scheduled periods of probe transmissions. It may be also considered the possible repetition of this process more than once, in order to avoid punctual fluctuation of the measured RSSI. This process also enables the use of the proposed system in dynamical WSN, in which the end-nodes may present certain grade of mobility or the propagation conditions might change over the time, as well. These aspects should be individually studied depending on the environmental and system circumstances. After sniffing the channel, the motes only have to send one frame to the coordinator including its preferred configuration. Therefore, it can be seen that this process does not imply a large waste of energy by the end-nodes.
Moreover, in order to reduce the power consumption by the motes when measuring the RSSI and to make the system more efficient, it is important to analyze the minimum number of frequency channels needed to efficiently cover a given WSN area. The fewer number of channels, the lower the time and energy requested to perform the channel sounding. However, a reduced amount of channels could impact the spatial coverage of the RWPT system. This is shown in Fig. 15 , which shows the covered power distribution for different number of scanning channels. In the first scenario, a single frequency channel is used, so that only two tilted fan regions are illuminated, leaving much of the WSN area without power coverage. As we increase the number of channels, the shadowed zones without power are reduced. In the studied case, 6 channels are needed to cover most of the WSN area. If we increase this amount of scanning channels, the overall WSN power coverage does not significantly improve, as shown in Fig. 15 for 16 channels. Fig. 16 illustrates this shadow  effect showing the coverage cut along the y-direction for 16 and 3 channels. On the other hand, an increased number of requested channels leads to higher time and energy needed to perform the synchronization phase. To better understand this, Fig. 17 shows the coverage efficiency, defined as the ratio between the total coverage using all the 16 channels and the coverage using a given number of channels. In this case the total coverage is calculated as the integral of the power density along the whole area of 1.2 × 1.2 meters:
S (Nchannels) (x, y)dxdy (6) As demonstrated in Fig. 17 , with just 6 channels, we can achieve an outstanding coverage efficiency η COV > 95%, where the coverage efficiency is defined as:
This way, the time and power needed in the synchronization phase is reduced with respect to the case of using all 16 available frequency channels. As it was shown in Fig. 15 , all the motes can be efficiently illuminated over the threshold of 50µW/cm 2 using only 6 channels of the 16 available channels. Obviously, these channels have been properly selected, using a uniform distribution through the available spectrum, so that the associated spatial distribution is optimum with respect to the total WSN area to be efficiently illuminated and powered.
VIII. CONCLUSION
It has been demonstrated that a fan-beam frequency-scanning antenna together with a channel-hopping technique, can be used as a simple mechanism for adaptive radiative wireless power transfer in a WSN. The beaming efficiency can be dynamically optimized for each node position, using a simple protocol in which the WSN coordinator sweeps frequency of a monitoring signal, and the nodes select the channel with maximum RSSI level. As a proof of concept, this paper has illustrated the capacity to power an IEEE 802.15.4-based WSN with 25 nodes spread in a 1.2 m × 1.2 m area, using its 16 channels in the 2.4 GHz band. This solution is much simpler than other WPT dynamic beaming techniques based on phased-arrays and 2D beaming, and thus can lead to cost-effective solutions to remotely power commercial WSN grids.
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